A unified understanding of interfacial thermal transport is missing due to the complicated nature of interfaces which involves complex factors such as interfacial bonding, interfacial mixing, surface chemistry, crystal orientation, roughness, contamination, and interfacial disorder. This is especially true for metal-nonmetal interfaces which incorporate multiple fundamental heat transport mechanisms such as elastic and inelastic phonon scattering as well as electron-phonon coupling in the metal and across the interface. All these factors jointly affect thermal boundary conductance (TBC). As a result, the experimentally measured interfaces may not be the same as the ideally modelled interfaces, thus obfuscating any conclusions drawn from experimental and modeling comparisons. This work provides a systematic study of interfacial thermal conductance across well-controlled and ultraclean epitaxial (111) Al || (0001) sapphire interfaces, known as harmonic matched interface. The measured TBC in this work not only is higher than other Alsapphire TBCs reported in the literature, but also has a different temperature dependence from other reported values at high temperatures. A comparison with thermal models such as atomistic Green's function (AGF) and a non-equilibrium Landauer approach shows that elastic phonon scattering dominates the interfacial thermal transport of Al-sapphire interface. By scaling the TBC with the Al heat capacity, a nearly constant transmission coefficient is observed, indicating that the phonons on the Al side limits the Al-sapphire TBC. This nearly constant transmission coefficient validates the assumptions in AGF and non-equilibrium Landauer calculations. Our work not only provides a benchmark for interfacial thermal conductance across metal-nonmetal interfaces and enables a quantitative study of TBC to validate theoretical thermal carrier transport mechanisms, but also acts as a reference when studying how other factors impact TBC.
Introduction
Thermal transport across interfaces at macroscopic length-scales is described by the interfacial form of Fourier's law: thermal boundary conductance (TBC, G) defines a finite temperature drop (ΔT) for a given heat flux (Q) across an interface (G=Q/ΔT). This temperature drop was first observed across copper and liquid helium interface at extremely low temperatures by Kapitza in 1941. 1, 2 Experimental studies of interfacial thermal transport did not move to higher temperatures until late 1970s when a transient hot-strip method was developed. 3, 4 After that, several more measurements on solid-solid interfaces were reported in 1980s and 1990s with the modifications of the hot-strip method and the development of the picosecond transient thermoreflectance. [5] [6] [7] [8] When time-domain thermoreflectance (TDTR) was developed, the experimental research on interfacial heat transport started to attract great attention. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Different factors, such as interfacial bonding [20] [21] [22] [23] [24] , interfacial mixing 16, 25 , pressure 12, 19 , surface chemistry 17, 26 , crystalline is especially true for metal-nonmetal interfaces because of the complicated interfacial structures and multiple carrier transport mechanisms near the interfaces. Metal growth on nonmetal substrates, usually by sputtering or evaporation, suffers from problems like chemical reaction or interfacial mixing with substrates during deposition processes, the inclusion of an oxide or contaminating layers at the interface, polycrystalline metal films with a mixture of different orientations, or poor adhesion with substrates. 16, 25, 32, [47] [48] [49] These result in the growth of metalnonmetal interfaces to deviate from the ideal interface often assumed in theoretical modelling, so direct comparison between theoretical and experimental results limits our ability to draw accurate conclusions. 34, 50 Additionally, interfacial thermal transport involves multiple fundamental transport mechanisms, including elastic and inelastic phonon transport across the interface, and electron-phonon coupling in the metal and across the interface. [51] [52] [53] [54] [55] The relative contributions of these mechanisms to TBC remain unclear and are still an open question. 51, 56 For instance, theoretical calculations show electrons on the metal side can pass some energy directly to phonons on the nonmetal side while experiments show that a 400-fold change in electronic density for otherwise similar metals on the metal side does not impact TBC significantly. 7, 13, 55, 56 A unified understanding of interfacial thermal transport across metal-nonmetal interfaces does not exist possibly due to the lack of systematic benchmark studies of well-controlled interface growth, simultaneous structural and thermal characterizations, and corresponding comparison with thermal modellings because very few computational methods can take interface non-idealities into consideration. 44, 57, 58 In this work, we fill the gap by epitaxially growing (111) Al on (0001) ultraclean sapphire substrates by Molecular Beam Epitaxy (MBE). The Al-sapphire system is particularly suitable for benchmarking because of the atomically smooth surfaces, easy cleaning by baking at high temperatures in ultrahigh vacuum (UHV) conditions, no surface oxidation during baking, and no reaction with Al during growth. 56 These orientations are selected because of the relatively small lattice mismatch (4%) and similar crystalline structure, as shown in Figure S1 . 
Results and Discussion
Two samples (Sub100 and Sub200) were studied in the round robin analysis in this work. The substrate temperature for Al growth was kept at 473 K for sample Sub200 and at 373 K for Sub100 while all the other growth conditions remained the same. More details about MBE sample growth can be found in the Methods section. A key step is that the sapphire was cleaned through a high temperature annealing step in UHV prior to the epitaxial deposition of the Al in-situ by MBE. Electrons dominate thermal transport in metals while phonons dominate in non-metals. For thermal transport across metal and non-metal interfaces, thermal energy carried by electrons in the metals needs to be transferred to phonons in metals first. Then phonons in the metals transfer energy across the interface to phonons in non-metals through elastic and inelastic processes. Near the Alsapphire interface, we assume that the boundary condition for electron transport is adiabatic while phonons in the Al side can transmit through the interface to the sapphire side. 12, 13, 54 There is a temperature difference between the near-interface electrons and phonons in the Al side. This local non-equilibrium results in a corresponding electron-phonon coupling thermal resistance in Al.
Phonons in the Al side transfer energy to phonons in the sapphire side through elastic and inelastic channels. Additionally, some theoretical calculations show electrons in the metal side could directly pass energy to phonons in the nonmetal side while some other calculations and experimental data show that this cross-interface electron-phonon coupling does not contribute to TBC significantly. 7, 13, 51, 55, 61, 62 We add this possible heat transfer channel in Figure 2 For instance, the measured TBC reaches a plateau above room temperature, which has a different trend from the measured values in the literature 63 where the increased TBC with temperature was attributed to inelastic phonon scattering. Many factors, such as crystalline orientation, roughness, and interfacial disorder or contamination, jointly affect TBC of Al-sapphire interfaces. This highlights the importance of a benchmarking study on TBC of ideal interfaces, which can not only be used to validate theoretical thermal models across perfect interfaces, but also act as a reference when studying how other factors impact TBC. As shown in Figure 2( Al. We will discuss the role of each heat transfer mechanism below.
First, electron-phonon coupling in the Al side could result in a thermal resistance in series with the interfacial phonon-phonon thermal resistance.
1 √ ⁄ . 54 Here, .and are the lattice thermal conductivity and electron-phonon coupling constant of Al. We consider independent of temperature and its value at room temperature is 5.38 ×10 17 W/m 3 -K. 65 of Al at room temperature is 6 W/m-K based on first-principle calculations. 65 The thermal resistance derived from electron-phonon coupling in Al is 0.557 m 2 -K/GW, 19% of the measured overall thermal resistance across Al-sapphire interfaces. As the temperature decreases, the lattice thermal conductivity increases, leading to a reduced electronphonon coupling thermal resistance. The phonon-phonon TBC decreases with temperature, leading to a larger phonon-phonon thermal resistance. As a result, the effect of the electron-phonon coupling thermal resistance on overall TBC would become smaller at low temperatures. However, for temperatures comparable or higher than the Debye temperature of Al (428 K), the lattice thermal conductivity Al decreases with temperature ( ~1⁄ ) so electron-phonon coupling thermal resistance is proportional to √ . From 300 K to 480 K considered in this work, the electron-phonon coupling thermal resistance in the metal side accounts for about 20% of the overall measured thermal resistance across Al-sapphire interfaces.
In terms of cross-interface electron-phonon coupling for Al-sapphire interface, we tend to believe that it does not contribute to TBC significantly because the measured TBC is so close to the elastic phonon-phonon TBC for the whole temperature range, especially for low temperatures where inelastic phonon contribution and electron-phonon coupling thermal resistance in the metal are not important. This cross-interface electron-phonon coupling is an additional thermal channel across the interface which could increase TBC. However, the modeled TBC by AGF and non-equilibrium
Landauer approach are slightly larger than the measured TBC at low temperatures. Furthermore, a recent theoretical work shows that this cross-interface coupling effect for Si-Cu interface contribute slightly to the overall TBC. 62 Other previous experimental measurements also show that cross-interface electron-phonon coupling is not important for interfacial thermal conductance. 7, 13 AGF TBC and Intrinsic Landauer TBC match quite well with measured TBC which shows that elastic phonon contribution to TBC dominates interfacial thermal transport, and inelastic phonon contribution to TBC is not important for Al-sapphire interfaces. At high temperatures where inelastic phonon contribution to TBC is larger, the measured TBC keeps constant. As shown in Figure 2 (b), electron-phonon coupling in Al adds additional thermal resistance and reduces the overall TBC while inelastic phonon contribution provides an additional thermal channel which increases TBC. Both of these processes can be relatively important at high temperatures.
Therefore, the inelastic phonon contribution to TBC counteracts some of the effect of electronphonon coupling thermal resistance in Al at high temperatures and both do not contribute much to overall TBC. This contradicts the case of metal-diamond interfaces where inelastic contribution to TBC is so large that the measured TBC is greatly higher than the radiation limit (the maximum TBC only considering elastic contribution). 13, 53 It may result from the high phonon DOS mismatch of metal and diamond. But it should be noted that the conclusion about metal-diamond interfaces needs to be revisited because of the unknown interfacial structure of these interfaces.
For a single phonon mode traveling across an interface, the heat flux equals the phonon energy times the phonon velocity and transmission coefficient. If the temperature difference across the interface is small, TBC contributed by this phonon mode is the product of its heat capacity, phonon velocity, and transmission coefficient. Here, an average value of the product of phonon velocity ( ) and transmission coefficient ( ) of all the phonon modes can be obtained by dividing TBC with volumetric heat capacity ( ), namely, 〈 〉/3 = ⁄ . Here, the factor of 3 in the formula is derived from three directions and 〈 〉 means the average over all the phonon modes. As shown in Figure 3 (a), very surprisingly, 〈 〉/3 is almost a constant over the whole temperature range when we scale TBC with the Al heat capacity. Phonon velocity is very weakly dependent on temperature.
As a result, the average transmission coefficient is almost a constant for different temperatures.
This validates theoretical modeling methods such as the AGF and the non-equilibrium Landauer approaches where transmission coefficient is considered to be independent of temperature. This strongly supports that TBC is determined by the number of phonons on the Al side and phonon contribution dominates interfacial thermal transport across Al-sapphire interfaces. It should be noted that 〈 〉/3 decreases with temperature when TBC is divided by sapphire heat capacity. At high temperatures, a larger number of phonons in the sapphire side do not contribute to TBC as Al phonons do. As shown in Figure 2 (a), the phonon energy in sapphire is much higher than that in Al. The high frequency phonons cannot transmit across interface through elastic processes and cannot contribute to TBC, which confirms that inelastic phonon contribution to TBC does not play an important role in interfacial thermal conductance of Al-sapphire interfaces.
(a) (b) Figure 3 . (a) TBC scaled with volumetric heat capacity of Al and sapphire for samples Sub100 and Sub200.
(b) temperature dependence of measured sapphire thermal conductivity. The "Cahill" data is from Ref. 66 and the "Monchamp" data is from Ref. 67 The temperature dependence of the measured sapphire thermal conductivity is shown in Figure   3 (b). For Sub100 and Sub200, TDTR measurements are more sensitive to cross-plane direction so the measured thermal conductivity is perpendicular to the c-plane. The measured room temperature value is 32.5 W/m-K, very close to the room temperature value (33 W/m-K) in the Ref. 67 as shown in the inset of Figure 3 (b). The thermal conductivity of sapphire is weakly anisotropic for parallel or perpendicular to the c-plane. Sapphire with a crystal orientation parallel to the c-plane has a slightly larger thermal conductivity (35 W/m-K at room temperature). Ref. 66 did not include crystal orientation information in the paper but its measured value is very close to the measured thermal conductivity of sapphire with a crystal orientation parallel to the c-plane in Ref. 67 , as shown in the inset of Figure 3(b) . Therefore, we speculate that the crystal orientation is parallel to the c-plane.
Our temperature-dependent measured sapphire thermal conductivity matches well with the values in Ref. 66 and we attribute the small difference to the weak anisotropy.
Conclusions
In this work, we provided a systematical benchmark study of interfacial thermal conductance 
Methods Section
Sample Preparation: In this study, ~80 nm Al was deposited on high temperature annealed sapphire substrates in a Riber 32 Molecular Beam Epitaxy (MBE) system. A multi-step annealing approach was used in order to achieve highly ordered terrace-and-step structure over the surface of sapphire substrates. High temperature annealing reduces surface energy of the Sapphire substrates and forms a terrace-and-step structure which acts as nucleation sites for subsequent deposition of Al. 2 inch diameter sapphire wafers were introduced into the front zone of Minibrute furnace and heated under nitrogen environment at 1273 K for 5 minutes. Subsequently, the wafers were moved into the center zone and heated under nitrogen environment at 1384 K for 15 minutes.
The sapphire wafers were then annealed at 1384 K for 1 hour under ultra zero grade air environment followed by 5 hours of heating under the same environment at 1448 K. Finally, the sapphire wafers were cooled down naturally under nitrogen. Tantalum was deposited on the backside of annealed sapphire wafers using a Unifilm DC sputterer to facilitate uniform heating during MBE growth. The backside metallized wafers were diced into 1 cm x 1 cm substrates.
These high temperature annealed sapphire substrates were cleaned in a piranha solution of sulfuric 
Non-equilibrium Landauer Approach:
The Landauer approach is a widely used method to predict TBC, and the general form of the Landauer formula is from the particle description of phonons and the TBC is calculated from net heat flux and temperature drop across the interface.
In previous studies of non-equilibrium effect at the interface, it is pointed out that the phonons are in strong non-equilibrium because of the difference in modal transmission coefficients and reservoir temperatures, and this non-equilibrium effect should be considered in Landauer formula.
With the recently developed non-equilibrium Landauer approach which can capture the nonequilibrium effect, the theoretical predictions agree much better with experimental results. We have applied the non-equilibrium Landauer approach to our aluminum-sapphire interface to predict the TBC. In our calculation, the phonon properties of both Al and Al2O3 are obtained from ab initio calculations within the framework of DFT, as implemented in the Vienna Ab initio Simulation Package (VASP), and the second order force constants are obtained from Phonopy 71 .
AGF: AGF is a widely used method to calculate the transmission and related thermal properties of a system. More detailed introduction could be found in literature. 43, 72, 73 With the harmonic assumption, only the second order force constants are needed for Green's function calculation.
Here, the second-order DFT force constants of the leads and the interface are separately obtained from the frozen-phonon method 74 convert Al unit cell from rock-salt structure to hexagonal structure while keeping the space group unaltered. The lattice constants of L, C, and R in the transverse direction are manually set as 4.8076Å, the optimal lattice constant of bulk sapphire. We want to highlight that we used force constants of Al/sapphire interface directly obtained from DFT calculation instead of the common simplified practice of using force constants of one material and only changing masses for the other.
More details are included in the SI. 
AGF:
Briefly, the system ( Figure S5 ) could be separated into three parts: two semi-infinite leads (L & R) and a finite size central region(C). In this case, L is bulk Al, R is bulk sapphire. Figure S6 is plotted via VESTA. 2 Under harmonic assumption, the transmission function of the system is As for thermal conductance, we used a modified thermal conductance expression to reflect the temperature drop right across the interface rather than between two heat reservoirs. 
